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ROYAL AIQRAFT ESTABLISHIMT, FARBOROUGIH

The study of stability at transonic sp eeds by free flying models.

Tests on a tailless aeroplane vdth 450 delta wing (E27/46)

by

T. Lavvrence
and

R. Harmer

RAE Ref: Aero/7510/TL

Five models of a tailless layout having a cropped 450 delta wing
(the Boulton Paul Delta layout - 127/46), in which the short period
oscillation Tas excited. by small disturbing rockets, -vere flovm in the
range 0.8 < M'< 1.4. .rom measuremnts of the frequency and damping of
the oscillations, the variations wiith Mach number of lift curve slope,
aerodynamic centre position and pitching damping have been deduced, and
are o upared with measurments from other sources.
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I Introduction

Towards the' end of. 1250, considerble ' interest was aroused locally in
the possibility that sboie of the plnforris being considered for transonic
and supersonic flight might, in the tailless layout at transonic speeds,
exhibit negative daping Pf. the longiitudinal pitching mode. A conceptrated
theoretical and experimental attaick has since been made on the problemi, and
the present note describes the vorh done on the Boulton Paul Delta layout
[E27/46 - a 450 delta cropped to a taper ratio of 0.125] using the free
flight model techniqu6.

2 Theory of the Experlment

The philosophy behind an experiment based on a study of the short
period longitudinal motion of a free flying model has been discussed at
length in Ref.1. For analysis purposes we assume, duringa.ny oscillation,
fhat,th6 model is flying at constant speed in a constant atmosphere at
constant mean CL, and that the derivatives are constant and linear..
The natural frequency of the short period oscillation can then be vaitten
(Ref:.1, Tin. 9)

t B

Now, especially for tailless!a;outs, Zw ,q << i n, whence

2 m-7

and thus
-2

2PI i5 = a1 I-

V

n nv

a-,
doc

and li = manoeuvre margin

- - + h1 approx.

Thus from tests on twvo models vith different.C.G. positions it should
be possible to determine .both the lift curve slope and the manoeuvre margin,
and hence the aerodynamic centre position.

Direct measureent of angle-of-attack on the model allows an immediate
det~rzsdnation of lift curve slope -, and hence the same infcrmation as

before can be obtained from one model. An anglo-of-attack meter has been
developed and is now in production, but it vas not available when the

E -I F -GMATION
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present experiments were made. However Voepel has shown2 -that the lift
curve slope can be computed from comparison of th records of two longi-
tu~dinally displaced accelerometers. We can write

n " cos- 8 '(S

$ --- - 2 OS --+ OS]

da " g ' wnd "1 R

+ 2d2  R
(n

-where R is the scale ratio between tym accelerometers displaced by a
distance d, and (d is the phase difference between their readings.
It v4ll be seen belov that we were unable to measure (d with sufficient
a6cuacy, and it was computed from the relation

Sin ((p+28) = R (sin2- ).
V

It can be shown (Ref.2, Eqn.5) that

dn gt

dca

and we have used the approxdmation

[ a, + CD]

The orthodox approach to the longitudinal stability equations gives,
for the damping of the short period oscillation [see for exanple Ref.1,

Eqns. 10 and 13]

v-enoem; 2 miB.-aiB.

m = M + m. is in fact vuhat is measured in a turel measurement of the
damping [see for exaple Ref.3]. urhermore, it should be noted that the

motion of an actual aeroplane is damped by a combination of pitching (m;)
and plunEng (2r,) modes,. vhce relative importance is governed by the
pitding inertia (iB). It is thus important in the model experiment that
the inertia be not too far awiay from the aeroplane value, if in the limi-
ting cases the significance of the pitching and plunging modes are to be
oorirectly assessed. This point is discussed later.

If h be the position of the axis of rotation on the mean chord,
is a quadratic functioh of h, and we can, following Warren4then m;

wr-ite

-4-
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-. q (T,'h)2 z I

vhere m. is the maximum value of m- and occurs vhen h H.* The

free flight damping measurements are made at' a different axis position for
each model (corresponding to different C.cG. positions) and before they can
be compared the values of m must be corrected to the same axis position.
At first sight it vould seem reasonable to reduce the results to show the
variation of m, and H with M{ach number. However H varies signifi-

0
cantly from subsonic to supersonic, and since in the aeroplane case the
value of h is fixed for all speeds, vre have elected to correct the
experimental values to a constant value of h. Vie have chosen h = 0..556 co,
since this is the axis position at which most IM _ work has been
done; in passing it should be noted that this is aft of the low speed
aerodynamic centre, i~e. it is unreal for an aeroplane.

In practice the damping results showed considerable scatter, and the
calculation of m" and H .from results at tvjo C.G. positions vas not

possible. Betveen 0.7 < YL < 0.93 re have used, NPL results on models vith
two axis positions5 to calculate H, and for 1.15 < M < 1.4 we have used
Ref.4. The details are further discussed below.

3 Experimental Method

The experimental technique was developed concurrently with the present
experiments, which suffer in consequence. Tests were made on 5 models
having three different "fuselages", but all models had the correct gross
planform of lap RAE 102 section; all 5 tests are reported here because it
is believed the results obtained are relevant.

The experimental method wvas to study the short period longitudinal
motion of a free flying model; in particular, to study the frequency and
damping of the motion, as displayed by accelerometers mounted on, and
longitudinally displaced from, the C. G. of the model.

The fuselage of the model took one of 3 forms:-

(a) Originally, on M1odel 1, the fuselage vas a simple cylindrical
body 5 inches diameter with an ogival nose -3 calibres long,
and carrying tw'm flat-plate yawing-plane stabiJIising suxfaces
(Fig.1). - This body was laid out so that the wing planfo;.:i could be
changed systematically without the fuselage line chord extending
forward onto the ogive.

d (b) Subsequently, for Yodels 2 and 3, to meet criticisms that the body

was unreally long for a tailIess layout, it --ias shortened by
0.75 calibres (Fig.l). This also substantially reduced the
pitching inertia of the models (by as much as 2C(r) viich made
them nearer the aircraft case (see below).

(O) nModels 4 and 5 the E27/46 fuselage was fairly faithfully
reproduced, but without cabin and dorsal fin (Fig.i).

In Warren's notation, it can be shovn that H = ( + h 2 + -

-5-
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In all cases the fuselage housed a.telemetering set with its trans-
ducers and pover supply, feeding to aerials sot in the trailing edges of
the yarding-plane fins, and a number of disturbing rockets with their
associated firing circuit and timing clock. Various forms of tolemetering
set were used (see Table I).

All vings -oee of PWE 102 section and the same gross planform, a 450
delta with the tips cropped to give a gross taper ratio of 0.125 and gross
aspect ratio of 3.11.*

Table I sots out all the models reported here, and gives leading
particulars.

The models were boosted to a maximum speed of about 1500 fps, using
the separating round technique vrith a single tandem boost rocket. The
model usually got an initial disturbance at separation and the 4 or 5
disturbing rockets w7ero subsequently fired, o' rinelly at approximately
I second intervals, but later at approximately - second intervals, in an
attenpt to bracket the range 0.8 < M < 1.1.

4 Analysis Method

The trajectory vas calculatod by triangulation from Askania kdne
theodolite records of the fmight; the true air velocity uas obtained
usually by differencing the trajectory calculations corredted for observed
vdnd component, and for some moauls this was checked or extended by the
use of velocities given by the Reed Doppler instrument, or by integrating
a telemetreld longitudinal accelerometer. Mach number vas calculated from
the observed altitude history and observed meteorological conditions.

The method of detromning the frequency and damping of an oscillation
has been described pruviously 6 . In addition, in the present instance, mhen
analysing models carrying tie longitudinally displaced accelerometers, it
is necessary to etermine the phase difference and scale ratio between the
two oscillations 2 ., As in Ref. 6, the determination of the phase difference
by comparison of the extrapolatuC times of "Peak O" (refer to Fig.8 of
Ref. 6), yielded no useful result, and we v&re again compelled to resort to
computing the phase differnce (see para. 2). The natural logarithm of the
scale ratio is conveniently given as the vertical separation of the two
damping curves plotteC logarithmicaly (a typical pair of curves is shovwf
in Pig.8).

5 Results

5.1 Analysis of frequency data

In Fig.2(a) are plotted the frequency data for all models in the form

-2

where If, manoeuvre margin. The nodels fall into three groups,
according to the C.G. position. Betw-een models I and 2 the effect of

* The true'E27/46 planform is cropped to X = 0.14, A = 3.03, with some

slight rounding of the tip in planform. This is because the present models
were originally laid out with nett half vings equal to E27/46 gross half
wings. The difference corresponds to our models having a gross span about
I too large. In all comparisons included in this note the differences
arg ignored, i.e. aerod namic ccntres for example are quoted relative to
the same centre line chord position.

-6 -
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0.005 change in C.G. position,(correspondig in the vorst case, at
subsonic speeds, to a change in AI ....f about , V), cannot be separated
from the effect of chdfigng the length of the ,body ahd scatter, and
between niodels 3 and 4 the effect of a change in body- type cannot be
detected.

Now the difference betwe7en. any two curves in Fig.2(a) is due to a
constant change in margin AI , hunce from this difference the value of
a, can be deduced. iov-et 'the value of a. so deducudFig.2(b), when
appliqd.tQ ach curve in Fig.2(a), must givoA "dohsistent value for the
aerodynaic centre position (im + h), Fig.2(c). Consistency was achiaved
as follovrs:-

(i) Curves sketched in throughl the experimental points in

Fig.21a),

(ii) Using thcec curves in pairs, 3 curves for a were deduced,
and a noan dravin - ig.2(b),

(iii) Using this. mean value for a, and the experimental Values in
ig.2(a), the aorodynanic centre position corresponding to

each experimental point was computed - Fig. 2(c). Through these,
a %oan curve t p rs divr iro. n c er o

(iv) Using the mean curves fran Figs. 2(b) and 2(c) the curves
corresponding-to the Lxperiinontcl conditions were computed

and drawin in Fig.2(a).

Mter some preliminary trials and adjustments, the curves shown in
Fig.2 were arrived at. It should be omphasised again that the curves
drarn are self consistent. This set attaches full weight to an experi-
mental point for model 5.at f = 0.93 and a point from model 3 at M = 0.97
which seemlow, at the expense of attaching less weight to three other
points, one each from models 1, 2 cad 3, at slightly lower Mach numbers.
To get aUl these points to lie-on the curves would require some rather
rapid oscillations in Pigs. 2(b) and 2(c), and bearing in mind the experi-
mental limitations, vie did not feel justified in trying to delineate these
oscillations from our data, even assuming they exist.

Now although,. exporimontally, the two points accorded full weight in
the above analysis soon vell established, the effect of according them
less vwight seemed worth investigating. Fig.3 shows an analysis in viiich
this hs been done. The process was precisely as described above, and
again we draw attention to the fact that the set of curves shown ts self
consistent.

The results of these two analyses for a, and aerodynamic centre are
shown in ?ig.5. The difference in al at supersonic spoeds, about 1Ch/,
is a reflection of the reliability of the analysis, and this inevitably
gives a change in aerodynaaic centre position, in this ±nstance of about
0.04 Z. Shown also in Fig.5(a) are five points calculated from two dis-
placed accelerometers in model 5. The poor agreemont with the deduced.
curvos, of two points at about M = 0.85 and 1.09, Icannot at this siage be
adequately explained. Shorn also are curves obtained in the RAE High Speed
Tunwnol .and by the PJZ Wing Flow Technique (unpublished). These two latter
results show good agreement with ono another, but they show poor agreement
v.th the present free flight results. The main differences between the

conditions of the three tests are shown below.

-7-
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eT s Method Model R at M= 0.9

Free flight Complete with body 6 x b6

H. S. T. Half model with body 1,. I8 ><, 106

S. Wing Mlbw Half model wi74th body I x 106

Analysis of daii& dta

As described in para.2, we have calculated m from the expression

-- 2 %;B a, B.

In Fig.4(a) two sets of points are shovm; -for the large symbols we have
.used al from Fig.2(b), and for the small symbols a from Fig.3(b) vas
used. The difference is vithin the experimental scatter, except in the
, range 0.91 < M < 0.95 vhere the variation in a is greatest.. For future
manipulations w:e have adopted al from Fig.3(b).

As shown above, it is necessary to correct these values of m to
the same axis position. Writing

rn m o+ (H h)2

the adopted variation of H is showm in ig..4(c). In the range' 0.7 < I
<0.97, H was deduced from the ILVresults in Ref.5. Although these have
been superseded by later results 8 obtained in a tunnel vth slotted valls,
they do give measurements for two axis positions, so that H may be,
deduced, and furthermore the value of H so obtained is in good agree-
ment with that deduced from low speed tests by Mos's9.. At supersonic
speedso, H vas computed from Ref.4. In cermon with so many linearised
theory results, the value given near M = I is scarcely plausible, and we
have assumed an arbitrary variation as shon in Fig.4(c).

Using Fig 4(c)j the measurements (small symbols) in Fjg.4(a) were
corrected to the axis position. used in the latest NPL work° nnam.y
0.556 o  - 0.363 B. It is possible to draw a fairly convincing aurve
through these corrected results,. Fig,4(b), from 'vich there arp only two
large deviations.

In Fig.5(o) the value of m ded}cd frm the present experiments
is compared with Brtt's latest values

.

6 Discussion

6.1 The exodriment

Ccmparison of the present results with those obtained on a model with
aotated tailplansv shows immediately the superiority of the latter method
:. exciting the oscillation. Firstly, there are more disturbances to
Knasyo (mre. closely spaced in time and hence Mach number) because, the
present disturbing rockets are so large that an adequate number cannot be
fitted into the model. Also the oscillations are more cleanly excited,
because the tailplane moved in much less time than the firing time of
the disturbing rookotb

8 -
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It is doubtful whether evM the method of. Ref. 6 would give an adequate
record for a model such as the present, where both al avid the aerodynamic
centre position apparently change. rapidJuy-.ith Mach number. It would be
desirable to have . model ith a lower drag/weight ratio, so that it passed
more .slowly through the critical region ,In addition the frequency of the
oscillation sohbild be high,. o that :only a. short- time of oscillation gives
an adequate number of. oyclez to analyse, and this should be obtained with
a law inertia rather. than a high manoeuvre margin othervise the deter-
mination of m; and the aerodynamic oentre position suffer.

.Insteumenj2ll, the experiment can be done from one model alone pro-
vided a measurement of either angle of, attack, angular velocity or angular
acceleration is Available, so that lift curve, slope can be determined
direptly (a longitudinally displaced normal accelerometer as. used in
model 5 is the equivalent of an angular accelerometer). The development
pf all these methods is in hand, but further experienoe is required before
any useful comment can be made.

The determination of phase angles seems to be beyond the present
telemetering set. This arises apparently from the impossibllity of making
an. adequate simultaneous comparison of tm' 4ifferent :instruments. We shall,
have to rely, on calculations of phase angles, or methods that do. not rely
on phase measurement.

6.2 The results

The large differences between the present results and those obtained
by more entrenched techniques (Fig.5) sends one searching for an
explanation.

Bratt' s earlier vork5 showed that the damping was very dependent on

ro ed frequency Wn 2) below n 0.045. The appropriatere~ed(r7nnc = n Un

values of W n for'the present models are plotted in Fig.6, and we feel
fairly secure frn this pitfall.

The experimental results do not show any large body effect, nor does
it seem conceivabe that the small differences in the gross planform (as
mentioned above, to got the wing used by Bratt we would crop the span of
our model by 0.30" per wing tip) could be responsible. Our lift curve
slopes are, at high subsonic speeds, too high* Assuming the mean 0L
of our models to be zero (as vms very nearly alvays true) then Fig.7
shows the range of OL over vhich the models oscillated in the present
tests, i.e. at M = I for example, we have analysed the oscillation during
the decay from about OL = . 0.15 to about CL = + 0.02. Looldng at the
lift carpets for this model given in Ref.11, this may be an explanation
for the difference in al between the present tests and those obtained
in the High Speed Tunnel, i.e. the lift curves are markedly non linear,
81 (L = ± 0.05) being less than v, (OL 0.2) especially at M> 0.85.

The aerodynamic centro position (Fig.5(b)) is also affected by the
lift curve slope chosen for the analysis of the frequency data. At super-
sonio speeds., the lift curve slope and aerodyomsc centre position obtained
in the wing flow experiments give frequency variations that, in Fig.2(a),
agree mel vith. those. Manur*e-on models ith an aft 06G. position
(models 3 and 4, h = 0.261), but there is a discrepancy that increases
as the axis moves forward until for model I (h = 0.075) the Measured value
of &I HMn is too low by about 0.2. A similar discrepancy occurs at sub-
sonio speeds. The oconlusion .- that tie experimental data fve at
variance ith the wing flow measw rmonts.

-- 9-A
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Turning now to the variations of I# more serious discrepancies
occur (Pig.5(c)). Again, the determination of m from the damping
measurements depends on the value of a, • However, assuming the damping
measurements to be correct,. agreement in ng at M z 0.9 where the biggest
disorepancy arises, can be obtained only by assuming a smaller value for
al than we have used; the value-.used in the manipulations to give Mn
from the measured damping is eater than that given by the tunnel and
ving flow measurements (Fig.5-a . The effect of using the wing flow
measurements of a,, ith the present measurements of damping, is to
raise the deduced value of -mb by about 0.25 between 0.8 < M < 0.9,
and to lower it by about 0.4 in the supersonic region (Fig.5(c)). The
final curve is in no better agreement with Bratt's tests. The only
plausible change that would bring better agreement between the present
and ]TL results for m, would be a large forward shift of H (Fig.4(o))
so that the subsonic correction for axis position was of the opposite
sign. Note again that there is good agreement between the values of H
deduced from Refs. 8 and 9.

7. Conclusions

On the experimental side, it is clear that a much greater number of
disturbances per model are required or more identical models. This demands
either a much smaller disturbing rocket (so that an adequate number can
be housed within a model of reasonable size) or that the disturbance be
excited by actuating an elevon (or tailplane). Instrumentally, an all •
round improvement in the telemetering equipment would give greater confi-
denoe in the results.

Aerodynamically the indicated variations with Mach number in lift
curve slope, aerodynamic centre position and pitching damping are greater
than those obtained by other methods. More weight should be attached to
the trends shown by the. present experiments than to the absolute magnitudes,
but it seems most improbable that all the discrepancy between the present
tests and other tests can be due to experimental error.

8 Notation

a, lift curve slope - per radian

b wing span - feet

B pitching moment of inertia - slugs ft 2

0 mean vdng chord - feet

o, centre line chord - foot'

CL lift coeffieont

OD  drag ooefficient

C pitching moment coofficient

d longitudinal displacement of two acoelorameters - feet

g gravity constant - ft/wo2

h position on of centre of gravity

H position on e at which m is a maximum

-10 -
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H manoeuvre margin stick fixed

iB inertia coefficient

gB. ;2

mq pitching moment derivative due to q

nw  pitching moment derivative due to w

m* pitching moment derivative due to

m; pitching moment derivative due to

M~o maximum value of m , occurs when axis of rotation is at H

Mach number

n normal acceleration - gravity units

R scale ratio between tN, longitudinally displaced acaeleraneters

S gross ving area - square feet

t aerodynamic time - secs

V gpSV

V velocity - ft/sec

Wi weight of aircraft - lb

zw  normal force derivative- due to v

wing incidence - radians

8 non dimensional damping

'Pd' phase difference between longLtudinally displaced acceleraneters

exponential damping of the longitudinal osc.llation

aircraft relative density
w

gpSo

v frequency of longitudinal oscdilation - cycles/sec

P air density - slugs/ft 3

- 11 -
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circular frequency of longitudinal oscillation - radians/sec
2= 2V

=

V
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TABLE I

Details of Models

Gross ving area - square feet S 2.74

Gross mean chord - feet c 0.937

Gross aspect ratio A 3.11

Gross taper ratio 0.125

Leading edge sweepbaok A°  450

Section RAE 102 r 0.10

Centre line chord - feet c0 1.667

L.E. mean chord aft of L.E. chord co -feet 0.587

L.E. mean chord as fraction of chord co  0.353

Model 1 2 3 4 5

Weight - lb W 37.8 41.6 42.8 30.2 38.2

Pitching inertia - slugs ft2  B 0.930 0.657 0.646 0,390 0.547

iB _- (-2  0.902 0.578 0.552 0.475 0.525

A = W/gpS 197 216 222 163 203

0.G. on a. 0.462 0.465 0.499 0.500 0.395

0.0. on S h 0.194 0.199 0.260 0.262 0.075
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TABUE II

Body Dimensions of Models 4 and 5

(imensions in inches)

Distance t linor Axis Major Axis

of Nose
txt Iyt zt

2.70 3.30 5.65
3.09 3.51 5.78
3.67 3.79 5-92
4.83 4.24 6.11
6.96 4.86 6.32
9.09 5.26 6.39

10.84 5.44 6.35
12.87 5.52 6.22
13.36 5.52 6.18
15.49 5.43 5.93
17.62 5.22 5.60
19.75 4.92 5.20
21.88 4.53 473

26.14 3.70 3.70
31.95 1.80 1.80
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